MAPK-Mediated YAP Activation Controls Mechanical-Tension-Induced Pulmonary Alveolar Regeneration  by Liu, Zhe et al.
ReportMAPK-Mediated YAP Activation Controls
Mechanical-Tension-Induced Pulmonary Alveolar
RegenerationGraphical AbstractHighlightsd Increased mechanical tension is essential for post-
pneumonectomy alveolar regeneration
d YAP is a key mediator in regulating mechanical tension-
induced alveolar regeneration
d Cdc42/F-actin/JNK and p38 MAPK signaling cascade is
required for YAP activationLiu et al., 2016, Cell Reports 16, 1810–1819
August 16, 2016 ª 2016 The Author(s).
http://dx.doi.org/10.1016/j.celrep.2016.07.020Authors
Zhe Liu, Huijuan Wu, Kewu Jiang, ...,
Hongbin Ji, Chun Yang, Nan Tang
Correspondence
tangnan@nibs.ac.cn
In Brief
Liu et al. find an essential function for
increased mechanical tension in
pneumonectomy-induced alveolar
regeneration. The Cdc42/F-actin/MAPK/
YAP signaling cascade in alveolar stem
cells is essential for promoting alveolar
regeneration in response to increased
mechanical tension in the lung.
Cell Reports
ReportMAPK-Mediated YAP Activation Controls
Mechanical-Tension-Induced Pulmonary
Alveolar Regeneration
Zhe Liu,1,2 Huijuan Wu,2,3 Kewu Jiang,2,4 Yanjie Wang,2,3 Wenjing Zhang,5,6,7 Qiqi Chu,2 Juan Li,2 Huanwei Huang,2
Tao Cai,2 Hongbin Ji,5,6,7,8 Chun Yang,9 and Nan Tang2,*
1College of Life Sciences, Peking University, Beijing 100871, China
2National Institute of Biological Sciences, Beijing 102206, China
3College of Life Sciences, Tsinghua University, Beijing 100084, China
4College of Life Sciences, Beijing Normal University, Beijing 100875, China
5Key Laboratory of Systems Biology
6CAS Center for Excellence in Molecular Cell Science
7Innovation Center for Cell Signaling Network, Institute of Biochemistry and Cell Biology
Shanghai Institutes for Biological Sciences, Chinese Academy of Science, Shanghai, 200031, China
8School of Life Science and Technology, Shanghai Tech University, Shanghai 200120, China
9Institute of Biomechanics and Medical Engineering, School of Aerospace Engineering, Tsinghua University, Beijing 100084, China
*Correspondence: tangnan@nibs.ac.cn
http://dx.doi.org/10.1016/j.celrep.2016.07.020SUMMARY
The pulmonary alveolar epithelium undergoes exten-
sive regeneration in response to lung injuries,
including lung resection. In recent years, our under-
standingof cell lineage relationships in thepulmonary
alveolar epithelium has improved significantly. How-
ever, the molecular and cellular mechanisms that
regulate pneumonectomy (PNX)-induced alveolar
regeneration remain largely unknown. In this study,
we demonstrate that mechanical-tension-induced
YAP activation in alveolar stem cells plays a major
role in promoting post-PNX alveolar regeneration.
Our results indicate that JNKandp38MAPKsignaling
is critical for mediating actin-cytoskeleton-remodel-
ing-induced nuclear YAP expression in alveolar
stemcells.Moreover,we show thatCdc42-controlled
actin remodeling is required for the activation of
JNK, p38, and YAP in post-PNX lungs. Our findings
together establish that the Cdc42/F-actin/MAPK/
YAP signaling cascade is essential for promoting
alveolar regeneration in response to mechanical ten-
sion in the lung.INTRODUCTION
The pulmonary alveolar epithelium, which is essential for the gas
exchange function of the lungs, is composed of alveolar type I
(AT1) and alveolar type II (AT2) epithelial cells. AT1 cells are large
squamous cells that cover 95% of the alveolar surface area and
form the epithelial component of the thin air-blood barrier. AT2
cells are small, cuboidal cells that synthesize and secret pulmo-
nary surfactant. Recent studies have established that AT2 cells1810 Cell Reports 16, 1810–1819, August 16, 2016 ª 2016 The Autho
This is an open access article under the CC BY-NC-ND license (http://function as alveolar stem cells in adult lungs (Barkauskas et al.,
2013; Desai et al., 2014; Rock et al., 2011). In normal conditions,
the turnover of alveolar epithelial cells is slow. After lung injury,
AT2 cells are able to quickly undergo self-renewal and to subse-
quently differentiate into AT1 cells (Adamson and Bowden, 1975;
Barkauskas et al., 2013; Desai et al., 2014; Rock et al., 2011).
Compared with the extensive knowledge of the lineage relation-
ships of alveolar epithelial cells, we still know little about the
mechanisms that regulate the proliferation and differentiation
of AT2 cells during alveolar regeneration.
Pneumonectomy (PNX), the surgical removal of lung tissue, is
a procedure used in the treatment of lung cancer and some
benign lung diseases. One of the major complications after
PNX surgery is respiratory insufficiency. In many species,
including mice, dogs, and humans, compensatory and regener-
ative growth occurs in the remaining lung tissues following PNX
(Butler et al., 2012; Thane et al., 2014; Hsia et al., 1994). Mechan-
ical stress has been assumed to be one of the most important
initiating factors in post-PNX alveolar regeneration (Thane
et al., 2014). However, the cellular responses of alveolar stem
cells to the increasedmechanical tension are as yet uncharacter-
ized. Further, little is currently known about the signaling net-
works that transmit messages related to external mechanical
tension and regulate the proliferation of alveolar stem cells.
RESULTS
Increased Mechanical Tension Is Essential for PNX-
Induced Alveolar Regeneration
To investigate the effect of mechanical tension on alveolar
stem cells, we performed left lung PNX on two groups of mice:
PNX and prosthesis mice. In the PNX group, the chest was
closed following left lung resection. In the prosthesis group, a
prosthesis that imitates the shape and size of the left lung was
immediately inserted at the time of PNX (Figures 1A and S1A).r(s).
creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1. Increased Mechanical Tension Is Essential for PNX-Induced Pulmonary Alveolar Regeneration
(A) Mice treated with left lung lobe resection were divided into PNX and prosthesis groups (see also Figure S1A).
(B) The tidal volume of lungs (mean ± SEM, n = 4) was measured (p < 0.001, two-way ANOVA).
(legend continued on next page)
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Sham-operated mice were used as controls. The tidal volume of
prosthesis micewas significantly reduced as comparedwith that
of PNXmice (n = 4, Figure 1B). Mechanical tension induces actin
polymerization. We performed phalloidin staining to label F-actin
in the lungs (Figures 1C–1E). Compared with the lungs of sham
control mice, the area of phalloidin staining increased signifi-
cantly in the lungs of PNX mice but did not increase in the lungs
of prosthesis mice, revealing the induction of the F-actin cyto-
skeleton remodeling in the PNX lungs (Figure S1B). These results
together demonstrate that implantation of a prosthesis can pre-
vent increased mechanical tension in the remaining lung tissues
following PNX.
To explore the responses of alveolar stem cells (AT2 cells) to
increasedmechanical tension, we initially analyzed the phalloidin
staining intensity of AT2 cells after PNX. Consistent with whole-
lung phalloidin staining results, AT2 cells of PNX lungs had more
intense phalloidin staining than AT2 cells of shamcontrol or pros-
thesis mice, with the highest phalloidin intensity at post-PNX day
5 (Figure S1B0). Additionally, the ‘‘shape factor’’ values for AT2
cells of PNX mice were higher than those of sham control or
prosthesis mice (Figures S1C–S1F, S1D0, and S1G), indicating
that the cell shape of AT2 cells had changed in the lungs of
PNX mice. We also investigated the proliferation of AT2 cells in
these groups of mice. Little to no proliferation of AT2 cells was
detected in the sham control mice (Figure 1G). PNX treatment re-
sulted in significantly increased proliferation of AT2 cells, with the
highest proliferation rate at post-PNX day 5 (Figures 1F and 1H).
Compared to the PNX group, the AT2 cell proliferation rate in
prosthesis mice was significantly reduced (Figures 1F and 1I).
We used Sftpc-CreER mice and Rosa26-Ai14 reporter alleles
for lineage labeling of AT2 cells to track the differentiation of
AT2 cells into AT1 cells (Figure 1J). At post-PNX day 14, as
compared with the lungs of PNX mice (Figures 1K and 1M), the
lungs of prosthesis or sham control mice had fewer AT1 cells
differentiated from lineage-labeled AT2 cells (Figures 1K, 1L,
and 1N). The average volume of the remaining right lungs of
prosthesis mice was significantly smaller than that of PNX
mice lungs (Figures S1H and S1I). Both the average number of
alveoli and the total epithelial surface area were increased in
PNX lungs, but not in prosthesis lungs (Figures S1J and S1K).
No obvious apoptosis of AT2 cells was detected in any of the
examined lungs (Figure S1L–S1N). These results provide
compelling evidence that increased mechanical tension is
essential for promoting PNX-induced alveolar regeneration.
YAP Is a Key Mediator in Regulating
Mechanical-Tension-Induced Alveolar Regeneration
To an effort to characterize the genetic programs that regulate
mechanical-tension-induced AT2 cell proliferation, we used(C–E) Lungs of sham control (C), PNX (D), and prosthesis (E) mice at post-PNX day
and S1B0).
(F) Quantification of Ki67-positive AT2 cells (mean ± SEM, n = 3) in the lungs of P
(G–I) Lungs from sham control (G), PNX (H), and prosthesis (I) mice at post-PNX
(J) Sftpc-CreER; Rosa26-Ai14 mice were exposed to tamoxifen (TAM) 7 days be
(K) Quantification of RFP lineage-labeled AT1 cells (mean ± SEM, n = 3) in the lu
(L–N) Lungs of sham control (L), PNX (M), and prosthesis (N) mice at post-PNX d
**p < 0.01, Student’s t test. Scale bars represent 25 mm (C–E) and 100 mm (G–I a
1812 Cell Reports 16, 1810–1819, August 16, 2016RNA sequencing (RNA-seq) analysis to analyze AT2 cells har-
vested at post-PNX day 5. Relative to the AT2 cells of sham
control lungs, the AT2 cells of PNX mice had 190 genes with
significantly upregulated expression and 62 genes with signifi-
cantly downregulated expression (Table S1). Many of the upre-
gulated genes in the AT2 cells of PNX mice were annotated as
being involved in the control of biological processes like cell
proliferation, extracellular matrix organization, and cytoskeleton
remodeling (Figure S1O). To identify potential transcriptional
regulators that may be involved in regulating gene expression
changes in the AT2 cells of PNX mice, we compared genes
with expression levels that increased >1.4-fold in the PNX
mice with chromatin immunoprecipitation (ChIP)-sequencing
databases (Daily et al., 2011). Among six highest-ranked tran-
scription factors (ranking based on the highest number of pre-
dicted target genes of these transcription factors), we found
that the Yes-associated protein (YAP) had more than 160 pre-
dicted transcription targets (Figure S1P). Strikingly, 45% of
the predicted YAP transcription targets had expression that
was more than 1.4-fold greater in the PNX mice than in the
sham control mice (Zanconato et al., 2015) (Figure S1Q; Table
S2). Using real-time qPCR, we confirmed that the expression
of previously characterized YAP-target genes, including Birc5,
Ctgf, and Cyr61, was increased significantly in the AT2 cells of
PNX mice and was unchanged in prosthesis mice (Figure S1R).
These results indicate that the activity of YAP increased in the
AT2 cells of PNX mice.
YAP is a transcription coactivator known to be a key nuclear
effectors of mechanical tension (Dupont et al., 2011). The phos-
phorylated form of YAP localizes in the cytoplasm and the
dephosphorylated form of YAP localizes in the nucleus, where
it interacts with other transcription factors (Zhao et al., 2007).
We performed both immunostaining and immunoblot analyses
to measure YAP expression in lungs. In the lungs of steady-state
adult mice and sham control mice, we detected hardly any
nuclear YAP expression in AT2 cells (Figures 2A, 2A0, and
S2A–S2C). However, low levels of YAP could be detected in
the nuclei of AT2 cells in PNX mice at post-PNX day 3. By
post-PNX day 5, YAP was clearly present in the nuclei of AT2
cells in PNX mice (Figures 2B, 2B0, and S2C). The nuclear accu-
mulation of YAP was completely blocked in AT2 cells of pros-
thesis mice (Figures 2C, 2C0, and S2C). Immunoblot analysis
showed that the average ratio of p-YAP/total YAP decreased in
PNX lungs as compared with both the sham control and pros-
thesis lungs (Figure 2D). Further, both the cell shape factor
values and the phalloidin staining intensities were higher in nu-
clear YAP (+) AT2 cells than in nuclear YAP () AT2 cells (Figures
S2D and S2E), underscoring the important role of mechanical
tension in regulating nuclear YAP expression in AT2 cells.5 were stained with phalloidin and anti-Prospc antibody (see also Figures S1B
NX and prosthesis mice at different time points post-PNX.
day 5 were stained with antibodies against Prospc and Ki67.
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Figure 2. Loss of Yap in AT2 Cells Impairs PNX-Induced Alveolar Regeneration
(A–C and A0–C0) Lungs collected from sham control (A and A0), PNX (B and B0), and prosthesis (C and C0) mice at post-PNX day 5 were stained with antibodies
against Prospc and YAP (see also Figure S2C).
(D) Western blot and densitometric analysis of lung tissues using antibodies against YAP (total), p-YAP, and GAPDH (mean ± SEM, n = 3).
(E) Control and Yap AT2 null mice were exposed to TAM 7 days prior to PNX. Lungs were collected at post-PNX day 5 and post-PNX day 14.
(F and F0) Lungs at post-PNX day 5 were stained with anti-YAP antibody.
(G) The mRNA levels of Ctgf, Cyr61, Birc5, Yap, and Taz in AT2 cells at post-PNX day 5 were measured by real-time qPCR (mean ± SEM, n = 3).
(H) Lungs collected at post-PNX day 5 were stained with antibodies against Prospc, RFP, and Ki67.
(legend continued on next page)
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We next used an equibiaxial strain cell culture system (Fig-
ure S2F) to investigate whether the nuclear YAP expression
could be specifically induced by increased mechanical tension
in primary AT2 cells (Figure S2G). After 24 hr of exposure to static
stretching, the stretched AT2 cells had obvious nuclear expres-
sion of YAP; this expression was suppressed by treatment with a
ROCK inhibitor and treatment with an inhibitor of actin polymer-
ization (Figures S2H and S2H0). These results together demon-
strated that increased mechanical tension can induce nuclear
YAP expression in AT2 cells.
Our findings underscore the essential function of increased
mechanical tension in PNX-induced alveolar regeneration and
suggest that YAP may function as a mediator of mechanical-
tension-induced signaling in the alveolar epithelium. We there-
fore further investigated the role of YAP in post-PNX alveolar
regeneration by performing PNX on Sftpc-CreER;Yapflox/;
Rosa26-Ai14 (Yap AT2 null) mice and Sftpc-CreER;Yapflox/+;
Rosa26-Ai14 (control) mice (Figure 2E). At post-PNX day 5 in
AT2 cells of Yap AT2 null mice, no nuclear YAP could be de-
tected and YAP-targeted gene expression decreased signifi-
cantly (Figures 2F, 2F0, and 2G). No AT2 cell death was
observed in Yap AT2 null lungs (Figure S2I). The proliferation
rate of AT2 cells decreased by 50% in Yap AT2 null lungs (Fig-
ures 2H and 2I). By post-PNX day 14, the number of AT1 cells
that had differentiated from lineage-labeled AT2 cells decreased
significantly in Yap AT2 null lungs (Figures 2J and 2K). The
volume, surface area, and alveolar number of the remaining
right lungs of Yap AT2 null mice were significantly decreased
(Figure 2L; Table S3).
During our investigation, we unexpectedly detected YAP in
the nuclei of almost all of the AT1 cells and in a few interstitial
cells, independent of PNX treatment (Figures S2A, S2B, and
S3A–S3C). Although YAP nuclear expression in AT1 cells was
not affected by PNX treatment, the expression levels of YAP-
target genes in AT1 cells were higher in PNX mice than in control
mice (Figure S3D). We therefore investigated whether the
increased YAP transcription activity in AT1 cells could affect
the proliferation of AT2 cells following PNX. We performed PNX
on Hopx-CreER;Yapflox/; Rosa26-mTmG (Yap AT1 null) mice
(Figure S3E) and found that the AT2 cell proliferation rate of
Yap AT1 null mice was not significantly affected (Figures S3F
and S3G). The volume, surface area, and alveolar number of
the remaining right lungs did not differ between control and
Yap AT1 null mice (Table S3). The expression of AT1 cell markers
did not differ between control and Yap AT1 null mice (Figures
S3H and S3I).
JNK and p38 MAPK Signaling Regulates
Mechanical-Tension-Induced YAP Activation
Having established that YAP plays a key role in mediating PNX-
induced alveolar regeneration, we wanted to explore which sig-(I) Quantification of Ki67-positive AT2 cells (mean ± SEM, n = 3) at post-PNX day
(J) Lungs collected at post-PNX day 14 were stained with antibodies against Pro
lungs.
(K) Quantification of RFP-lineage-labeled AT1 cells (mean ± SEM, n = 3) in the lu
(L) Lungs collected from control and Yap AT2 null mice at post-PNX day 14.
N.S., not significantly different; *p < 0.05; **p < 0.01; ***p < 0.001, Student’s t tes
1814 Cell Reports 16, 1810–1819, August 16, 2016nals regulate mechanical-tension-induced YAP nuclear localiza-
tion in AT2 cells. It is known that increased mechanical stress
can lead to the activation of MAP kinase (MAPK) signaling cas-
cades, including ERKs, p38 kinases, and JNKs (Pereira et al.,
2014). In our experiments, the levels of p-ERK1/2, p-p38, and
p-JNK were increased in PNX lungs, but not in prosthesis lungs
(Figures 3A–3C and 3A0–3C0), suggesting that the activation of
MAPK signaling may function in mechanical-tension-induced
alveolar regeneration. Consistent with our in vivo observations,
primary AT2 cells had increased levels of p-ERK1/2, p-p38,
and p-JNK under stretching conditions (Figures 3D–3F, 3D0–
3F0, and 3D0 0–3F0 0). To evaluate the potential function of MAPKs
in mechanical-tension-induced YAP activation, we treated the
stretched AT2 cells with an MEK1/2 inhibitor (PD0325901), a
JNK inhibitor (SP600125), or a p38 kinase inhibitor (SB203580).
Interestingly, both the JNK inhibitor and the p38 inhibitor, but
not the MEK1/2 inhibitor, blocked stretching-induced YAP nu-
clear expression (Figures 3G and 3G0). We therefore examined
the effects of the JNK and p38 inhibitors in vivo. The percentage
of AT2 cells expressing nuclear YAP decreased significantly in
inhibitor-treated PNX mice (Figures 3H and 3I). The proliferation
of AT2 cells was also suppressed in PNX mice treated with the
JNK inhibitor or co-treated with the JNK and p38 inhibitors (Fig-
ure 3J). Inhibitor treatment did not affect YAP nuclear expression
in AT1 cells or alveolar interstitial cells (Figure S3J). The volume,
total lung surface area, and alveolar number of inhibitor-treated
mice were smaller than those of vehicle-treated mice (Figure 3K;
Table S3). Together, these results demonstrate that JNK and p38
MAPK signaling cascades regulate YAP nuclear expression in
PNX-induced alveolar regeneration.
JNK and p38 MAPKs Mediate the Effect of the F-actin
Cytoskeleton on YAP Expression in the Nuclei of AT2
Cells
We next sought to identify the molecular pathways that activate
JNK and p38 MAPKs in response to increased mechanical ten-
sion. Both the Hippo signaling cascade and cytoskeletal cues
are known to regulate the activation of YAP (Halder and
Camargo, 2013; Dupont et al., 2011). In the Hippo pathway,
LATS1/2 are negative regulators of YAP; they directly phos-
phorylate YAP (Zhao et al., 2007). When cells are exposed
to increased mechanical tension, the accumulation of F-actin
bundles can also induce YAP activation (Aragona et al., 2013;
Dupont et al., 2011). We therefore questioned whether JNK
and p38 MAPKs function in mediating F-actin-induced YAP
nuclear expression.
F-actin negative regulatory proteins such as cofilin1/2 (Cfl1/2),
Capzb, and gelsolin (Gsn) were previously identified as YAP
inhibitors (Aragona et al., 2013). We found that knockdown of
Cfl1, Cfl2, Capzb, or Gsn in A549 cells led to increased F-actin
stress fibers and increased expression of p-JNK and p-p385.
spc and RFP. Note that many RFP+ cells lost Prospc expression in the control
ngs of control and Yap AT2 null mice at post-PNX day 14.
t. Scale bars represent 25 mm (A–C, H, and J), 50 mm (F); and 1 cm (L).
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under both stretched and non-stretched conditions (Figures S4A
and S4A0; data not shown). Knockdown of Cfl2 led some cells to
express nuclear YAP even under the non-stretched condition
(Figures S4B and S4B0). Both the JNK and the p38 inhibitors
blocked nuclear YAP expression in cells treated with Cfl2 small
hairpin RNA (shRNA) (Figures S4B and S4B0), indicating the
essential role of JNK and p38 MAPKs in F-actin-cytoskeleton-
induced YAP activation.
Cdc42 Is Required for Mechanical-Tension-Induced
Activation of JNK, p38, and YAP
Our findings establish that JNK and p38MAPK signaling contrib-
utes to mechanical-tension-induced YAP activation. Cdc42, a
small Rho GTPase, is known to control the activation of JNK
and p38 and to play a critical role in PIP2-induced actin assembly
(Minden et al., 1995; Chen et al., 2000); this prompted us to
explore the potential function of Cdc42 in mechanical-tension-
induced YAP activation. After stretching treatment, primary
AT2 cells showed much stronger cortical phalloidin staining
than Cdc42 null AT2 cells (Figure 4A). Further, the expression
of p-JNK and p-p38 were inhibited, and nuclear YAP expression
was blocked, in Cdc42 null AT2 cells (Figures 4A and 4B).
These results suggest an important role for Cdc42 in controlling
F-actin-induced nuclear YAP expression. We therefore per-
formed PNX on Sftpc-CreER; Cdc42flox/; Rosa26-mTmG
(Cdc42 AT2 null) mice and Sftpc-CreER; Cdc42flox/+; Rosa26-
mTmG (control) mice (Figure 4C). Following PNX, both the nu-
clear expression of YAP and the proliferation of AT2 cells were
strongly suppressed in Cdc42 AT2 null mice (Figures 4D–4G).
The volume, total lung surface area, and alveolar number of
Cdc42 AT2 null mice were also significantly decreased (Fig-
ure 4H; Table S3). Based on these experiments, we conclude
that Cdc42-mediated F-actin remodeling is critical for activating
both JNK and p38MAPK signaling and YAP in post-PNX alveolar
regeneration (Figure 4I).
DISCUSSION
Mechanical signals are known to regulate embryonic develop-
ment, tissue homeostasis, and regeneration. In response to
ever-present but highly dynamic extracellular mechanical sig-
nals, actin assembly in cells is tightly regulated to ensure cor-
rect biological outcomes. YAP serves not only as a sensor of
mechanical cues but also as an active mediator of the biolog-Figure 3. JNK and p38 MAPK Signaling Regulates Mechanical-Tension
(A–C) Sftpc-CreER; Rosa-mTmG mice were exposed to four doses of tamoxifen
antibodies against p-ERK1/2 and GFP (A), p-JNK and GFP (B), or p-p38 and GF
(A0 –C0) Western blot and densitometric analysis of lung tissues using antibodies
GAPDH.
(D–F0 0) 24 hr after performing a static stretch with a 25% change in surface area (D
JNK (E, E0, and E0 0), or anti-p-p38 (F, F0, and F0 0) staining and immunoblot analys
(G and G’) Stretched AT2 cells were treated with PD0325901, SP600125, or
(mean ± SEM). Arrows indicate AT2 cells with clear nuclear YAP expression.
(H and I) Lungs collected from mice treated with SP600125, SB203580, or SP
anti-Prospc antibodies (H). The ratio of AT2 cells expressing nuclear YAP was ca
(J) The percentage of Ki67-positive AT2 cells was calculated at post-PNX day 5
(K) Lungs collected from mice treated with SP600125 + SB203580 or vehicle at
N.S., not significantly different; *p < 0.05; **p < 0.01; ***p < 0.001, Student’s t tes
1816 Cell Reports 16, 1810–1819, August 16, 2016ical effects of said cues (Aragona et al., 2013; Dupont et al.,
2011).
Alveolar epithelial cells are subjected to a wide range of
mechanical tension, owing to the dynamic nature of lung func-
tion. How alveolar stem cells transduce mechanical tension to
intracellular signaling pathways remains poorly understood. In
this study, we investigated the mechanism underlying PNX-
induced alveolar regeneration. We observed that the percentage
of AT2 cells expressing nuclear YAP is highest at post- PNX
day 5, which is the time point with the highest AT2 cell prolifera-
tion rate. Additionally, we found that ectopic expression of
YAPS127A in AT2 cells could lead to increased AT2 cell prolifer-
ation in mouse lungs (Figure S4C). These findings demonstrate
that YAP functions as an important regulator to promote AT2
cell proliferation. This conclusion is consistent with the identified
function of YAP in lung epithelial cell proliferation (Zhao et al.,
2014). Our finding that the deletion of Yap in AT1 cells did not
affect AT2 proliferation suggests that YAP has a cell-autono-
mous effect on AT2 cell proliferation. Some classic YAP-target
genes have been shown to control cell proliferation. The mecha-
nism of these YAP-targeted genes in controlling the AT2 cell pro-
liferation awaits further characterization.
We here establish that the JNK and p38 MAPK signaling
pathways serve as important links between F-actin cytoskeleton
remodeling and YAP activation. Previous studies have shown
that the Hippo signaling cascade plays an important function
in regulating YAP activity in the airway epithelium (Mahoney
et al., 2014; Zhao et al., 2014). We did not observe a significant
difference in the expression levels of p-LATS1 or total LATS1
among sham control, PNX, and prosthesis lungs (Figures S4D
and S4D0). In addition, knocking out both Lats1 and Lats2 had
only a limited effect in promoting nuclear YAP expression in
non-stretched A549 cells (Figures S4E and S4E0). A JNK inhibitor
can block YAP nuclear expression in stretched Lats1/2
knockdown A549 cells (Figures S4F and S4F0). The p-YAP/YAP
ratio did not differ significantly between the non-stretched
scramble-shRNA-treated and non-stretched Lats1/2 knock-
downA549 cells. Treatment with a JNK inhibitor or a p38 inhibitor
increased the p-YAP/YAP ratio in stretched Lats1/2 knockdown
A549 cells (Figures S4G and S4G0). Together, these results sup-
port the assertion that the function of MAPKs in YAP nuclear
expression does not occur exclusively via LATS1 and LATS2.
Our findings are in agreement with previous studies reporting
that mechanical-tension-induced YAP activity is mediated via-Induced YAP Nuclear Expression in AT2 Cells
7 days prior to PNX. Lungs were collected at post-PNX day 5 and stained with
P (C).
against p-ERK1/2, ERK1/2 (total), p-JNK, JNK (total), p-p38, p38 (total), and
SA), primary AT2 cells were assayed for anti-p-ERK1/2 (D, D0, and D0 0), anti-p-
is. The mean fluorescence intensity (mean ± SEM) was quantified (D0–F0).
SB203580. Cells were assayed and quantified for nuclear YAP expression
600125+ SB203580 at post-PNX day 5 were stained with the anti-YAP and
lculated (mean ± SEM, n = 3) (I).
(mean ± SEM, n = 3).
post-PNX 14.
t. Scale bars represent 25 mm (A–C), 10 mm (D–G), 12.5 mm (H), and 1 cm (K).
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Figure 4. Cdc42 Is Required for the Activation of JNK, p38, and YAP in PNX-Induced Alveolar Regeneration
(A and B) 24 hr after performing a 25% DSA, control and Cdc42 null primary AT2 cells were assayed for phalloidin staining and p-JNK, p-p38, and YAP
immunostaining (mean ± SEM).
(C) Control and Cdc42 AT2 null mice were exposed to TAM 7 days prior to PNX. Lungs were collected at post-PNX day 5 or day 14.
(D and E) Lungs collected at post-PNX day 5 were stained with antibodies against YAP and Prospc (D). The percentage of AT2 cells that express nuclear YAP
(mean ± SEM, n = 3) (E).
(F and G) Lungs collected at post-PNX day 5 were stained with antibodies against GFP, Prospc, and Ki67 (F). Quantification of the percentage of Ki67-positive
AT2 cells is shown (mean ± SEM, n = 3) (G).
(H) Lungs collected from control and Cdc42 AT2 null mice at post-PNX 14.
(I) Diagram illustrating the signaling cascade that regulates post-PNX alveolar regeneration.
*p < 0.05; **p < 0.01; ***p < 0.001, Student’s t test. Scale bars represent 10 mm (A), 12.5 mm (D), 25 mm (F), and 1 cm (H).multiple pathways, including the Hippo pathway (Aragona et al.,
2013; Codelia et al., 2014).
Our study provides clear evidence that Cdc42 has a critical
role in AT2 cells during PNX-induced alveolar regeneration; itappears to function to ensure normal F-actin cytoskeleton
responses. We found that knockdown of Cdc42 in A549 cells
inhibited the increased expression of p-JNK and p-p38
and blocked nuclear YAP expression (Figures S4H and S4H0).Cell Reports 16, 1810–1819, August 16, 2016 1817
It has been shown previously that Cdc42 affects YAP nuclear
expression during mouse kidney development (Reginensi
et al., 2013). It is tempting to speculate that the Cdc42/
F-actin/MAPK/YAP signaling cascade may be a general mecha-
nism for controlling mechanical-tension-induced cellular re-
sponses in organ development and tissue repair. Lung resection
is one of the primary treatments for many types of lung diseases.
Alveolar regeneration following lung resection is known to be
critically important for improving the respiratory function of the
remaining lung (Butler et al., 2012). Our study reveals insights
that should enable new strategies in the development of thera-
peutic strategies for promoting alveolar regeneration following
lung surgery.
EXPERIMENTAL PROCEDURES
Pneumonectomy and Prosthesis Implantation
6- to 8-week-old general anesthetized mice were connected to a ventilator
(Kent Scientific, Topo). The chest wall was incised at the fourth intercostal
ribs and the left lung lobe was removed. For prosthesis implantation, a
custom-made silicone prosthesis was inserted into the left chest after surgi-
cally removing the left lung. All mouse experiments were performed in accor-
dance with the recommendations in the Guide for Care and Use of Laboratory
Animals of the National Institute of Biological Sciences.
Measurement of Lung Tidal Volume
8-week-old CD1malemice were anesthetized and connected to a PhysioSuite
Modular System (Kent Scientific, Topo). The pressure-controlled ventilator
delivers a constant flow of inspiratory gas to maintain the same level of the
pressure in the lung.
In Vivo Inhibitor Treatment
Mice were treated once daily via oral gavage with 25 mg/kg SP600125,
5 mg/kg SB203580, or 25 mg/kg SP600125 + 5 mg/kg SB203580 from post-
PNX day 1 to the day that lungs were collected.
Primary AT2 Cell Culture and Cell Stretching Assay
Lungs of Sftpc-CreERT2, Rosa26-mTmGmice were dissociated as previously
described (Rock et al., 2011). GFP-positive AT2 cells were sorted by fluores-
cence-activated cell sorting (FACS) and plated on silicone membranes for
24 hr before performing the stretching experiments. The equibiaxial strain sys-
tem used for the cell stretching assay was adapted from a previous study (Fig-
ure S4). Primary mouse AT2 cells or 1 3 105 A549 cells were seeded onto a
1.5 3 1.5-cm2 silicone membrane (MSI, silicone sheeting, 010’’). Additional
details are available in the Supplemental Experimental Procedures.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures,
four figures, and three tables and can be found with this article online at
http://dx.doi.org/10.1016/j.celrep.2016.07.020.
AUTHOR CONTRIBUTIONS
Conceptualization, N.T. and Z.L.; Methodology, Z.L., K.J., H.J., and C.Y.; Anal-
ysis, Z.L., K.J., H.J., C.Y., and N.T.; Investigation, Z.L., K.J., H.W. W.Z. Y.W.,
Q.C., and J.L.; Writing – Original Draft, N.T. and Z.L.; Writing – Review & Edit-
ing, N.T. and Z.L.; Funding Acquisition, N.T.; Resources, H.H.; and T.C.; Su-
pervision, N.T.
ACKNOWLEDGMENTS
We are grateful to Dr. Brigid Hogan, Dr. Duojia Pan, and Dr. Yi Zhang for
providing, respectively, the Sftpc-CreER, Yapflox/flox, and Cdc42flox/flox mice.1818 Cell Reports 16, 1810–1819, August 16, 2016This work was supported by new faculty start-up funds from the National Insti-
tute of Biological Sciences, Beijing (NIBS).
Received: April 17, 2016
Revised: June 6, 2016
Accepted: July 8, 2016
Published: August 4, 2016
REFERENCES
Adamson, I.Y., and Bowden, D.H. (1975). Derivation of type 1 epithelium from
type 2 cells in the developing rat lung. Lab. Invest. 32, 736–745.
Aragona, M., Panciera, T., Manfrin, A., Giulitti, S., Michielin, F., Elvassore, N.,
Dupont, S., and Piccolo, S. (2013). A mechanical checkpoint controls multicel-
lular growth through YAP/TAZ regulation by actin-processing factors. Cell 154,
1047–1059.
Barkauskas, C.E., Cronce, M.J., Rackley, C.R., Bowie, E.J., Keene, D.R.,
Stripp, B.R., Randell, S.H., Noble, P.W., and Hogan, B.L. (2013). Type 2 alve-
olar cells are stem cells in adult lung. J. Clin. Invest. 123, 3025–3036.
Butler, J.P., Loring, S.H., Patz, S., Tsuda, A., Yablonskiy, D.A., and Mentzer,
S.J. (2012). Evidence for adult lung growth in humans. N. Engl. J. Med. 367,
244–247.
Chen, F., Ma, L., Parrini, M.C., Mao, X., Lopez, M., Wu, C., Marks, P.W., Da-
vidson, L., Kwiatkowski, D.J., Kirchhausen, T., et al. (2000). Cdc42 is required
for PIP(2)-induced actin polymerization and early development but not for cell
viability. Curr. Biol. 10, 758–765.
Codelia, V.A., Sun, G., and Irvine, K.D. (2014). Regulation of YAP by mechan-
ical strain through Jnk and Hippo signaling. Curr. Biol. 24, 2012–2017.
Daily, K., Patel, V.R., Rigor, P., Xie, X., and Baldi, P. (2011). MotifMap: integra-
tive genome-wide maps of regulatory motif sites for model species. BMC Bio-
informatics 12, 495.
Desai, T.J., Brownfield, D.G., and Krasnow, M.A. (2014). Alveolar progenitor
and stem cells in lung development, renewal and cancer. Nature 507,
190–194.
Dupont, S., Morsut, L., Aragona, M., Enzo, E., Giulitti, S., Cordenonsi, M., Zan-
conato, F., Le Digabel, J., Forcato, M., Bicciato, S., et al. (2011). Role of YAP/
TAZ in mechanotransduction. Nature 474, 179–183.
Halder, G., and Camargo, F.D. (2013). The hippo tumor suppressor network:
from organ size control to stem cells and cancer. Cancer Res. 73, 6389–6392.
Hsia, C.C., Herazo, L.F., Fryder-Doffey, F., and Weibel, E.R. (1994). Compen-
satory lung growth occurs in adult dogs after right pneumonectomy. J. Clin.
Invest. 94, 405–412.
Mahoney, J.E., Mori, M., Szymaniak, A.D., Varelas, X., and Cardoso, W.V.
(2014). The hippo pathway effector Yap controls patterning and differentiation
of airway epithelial progenitors. Dev. Cell 30, 137–150.
Minden, A., Lin, A., Claret, F.X., Abo, A., and Karin, M. (1995). Selective activa-
tion of the JNK signaling cascade and c-Jun transcriptional activity by the
small GTPases Rac and Cdc42Hs. Cell 81, 1147–1157.
Pereira, A.M., Tudor, C., Pouille, P.A., Shekhar, S., Kanger, J.S., Subrama-
niam, V., and Martı´n-Blanco, E. (2014). Plasticity of the MAPK signaling
network in response to mechanical stress. PLoS ONE 9, e101963.
Reginensi, A., Scott, R.P., Gregorieff, A., Bagherie-Lachidan, M., Chung, C.,
Lim, D.S., Pawson, T., Wrana, J., and McNeill, H. (2013). Yap- and Cdc42-
dependent nephrogenesis and morphogenesis during mouse kidney develop-
ment. PLoS Genet. 9, e1003380.
Rock, J.R., Barkauskas, C.E., Cronce, M.J., Xue, Y., Harris, J.R., Liang, J., No-
ble, P.W., and Hogan, B.L. (2011). Multiple stromal populations contribute to
pulmonary fibrosis without evidence for epithelial to mesenchymal transition.
Proc. Natl. Acad. Sci. USA 108, E1475–E1483.
Thane, K., Ingenito, E.P., and Hoffman, A.M. (2014). Lung regeneration and
translational implications of the postpneumonectomy model. Transl. Res.
163, 363–376.
Zanconato, F., Forcato, M., Battilana, G., Azzolin, L., Quaranta, E., Bodega, B.,
Rosato, A., Bicciato, S., Cordenonsi, M., and Piccolo, S. (2015). Genome-wide
association between YAP/TAZ/TEAD and AP-1 at enhancers drives oncogenic
growth. Nat. Cell Biol. 17, 1218–1227.
Zhao, B., Wei, X., Li, W., Udan, R.S., Yang, Q., Kim, J., Xie, J., Ikenoue, T., Yu,
J., Li, L., et al. (2007). Inactivation of YAP oncoprotein by the Hippo pathway isinvolved in cell contact inhibition and tissue growth control. Genes Dev. 21,
2747–2761.
Zhao, R., Fallon, T.R., Saladi, S.V., Pardo-Saganta, A., Villoria, J., Mou, H.,
Vinarsky, V., Gonzalez-Celeiro, M., Nunna, N., Hariri, L.P., et al. (2014). Yap
tunes airway epithelial size and architecture by regulating the identity, mainte-
nance, and self-renewal of stem cells. Dev. Cell 30, 151–165.Cell Reports 16, 1810–1819, August 16, 2016 1819
